The newly-developed high-entropy alloys (HEAs) are receiving much attention for their unique structures and excellent properties[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10]. Unlike traditional alloys, which are normally based on one or two principal elements, HEAs defined by Yeh et al. can have five or more principal elements in equal or near-equal molar ratios[@b1]. In recent studies, quaternary and ternary alloys in an equal molar ratio are also considered as HEAs[@b2][@b3]. The presence of multiple principal elements in HEAs is not merely a difference in composition, but has fundamental physical effects on the configurational entropy, free energy, phase selection, and stability[@b4]. In general, the high-entropy effect in these alloys can greatly reduce the free energy of simple solid-solution phases, especially at high temperatures, making the chemically-ordered intermetallic compounds less competitive. As a result, HEAs obtained after rapid quenching are often found to contain topologically-simple \[e.g., face-centered cubic (FCC) or body-centered cubic (BCC)\] yet chemically-disordered solid solutions, nano-sized precipitates, and amorphous phases[@b1][@b4][@b11][@b12].

The complicated structure at macroscopical and atomic levels may lead to a wide range of properties, some of which are not available in other materials and may be appealing for certain applications. For example, many HEAs exhibit high thermal stability and hardness, great fatigue resistance, as well as excellent corrosion and wear resistance[@b7][@b13][@b14][@b15]. These mechanical and electrochemical properties make HEAs promising candidates as refractory materials, diffusion-barrier layers, fatigue-resistant materials, corrosion-resistant surface layers, and wear-resistant materials[@b7][@b12][@b13][@b14][@b15][@b16][@b17]. Recently, there has been expectation that some HEAs may also possess excellent magnetic properties[@b18]. Indeed, there are several reasons to believe that HEAs could make good SMMs, for which high saturation magnetization (to enhance the capacity), electrical resistivity (to suppress the eddy-current loss), and malleability (to facilitate processing and reduce energy cost) are desired, in addition to the low coercivity (i.e., soft magnetism)[@b19]. First, several ferromagnetic elements with high magnetic moments are known to form HEAs. Second, electrical resistivity may increase due to topological distortion and chemical randomness. Third, the simple crystalline structure (e.g., FCC) provides geometric basis for reasonable malleability. There is a pressing need for such SMMs because very few existing SMMs, if any, can meet all of the above requirements[@b20][@b21][@b22][@b23], e.g., the high silicon steels are brittle at room temperature, the Fe-Ni alloys have low electrical resistivity, and the metallic glasses[@b24] are relatively unstable, and their sizes are limited by the glass-forming ability. In the present work, we show how a group of new HEAs, FeCoNi(AlSi)~x~ (0 ≤ x ≤ 0.8 in a molar ratio), are designed and optimized to achieve an excellent combination of mechanical, electrical, and magnetic properties. The revealed composition dependence of the structures, properties, and their correlations will shed light on the future development of the high-entropy SMMs.

Results
=======

We start testing from the ternary FeCoNi alloy (denoted A0) mixing in an equal molar ratio. The resulting saturation magnetization (M~s~ = 1.315 T) is impressive, and the coercivity (H~c~ = 1,069 A/m) indicates soft magnetism. However, the electrical resistivity (ρ = 16.7 μΩ ·cm) is too low (only slightly higher than the pure iron). Then, Al and Si are added, which are expected to increase the electrical resistivity but at the same time sacrifice the magnetization. [Figure 1](#f1){ref-type="fig"} shows the composition dependence of the saturation magnetization and coercivity in FeCoNi(AlSi)~x~ (0 ≤ x ≤ 0.8, the alloy with x = 0.1 will be denoted A1, and so on). Indeed, M~s~ drops almost monotonically upon the additions of Al and Si, from 1.315 T at x = 0 (A0) all the way to 0.46 T at x = 0.8 (A8). In contrast, the composition dependence of H~c~ appears rather irregular and unpredictable: H~c~ is low at x ≤ 0.2, but increases dramatically at x = 0.3. It falls back to a low value at x = 0.5, before hiking again at x = 0.8. The original hysteresis loops and a table listing all the data are included in the [supplementary information](#s1){ref-type="supplementary-material"} ([Figure S1](#s1){ref-type="supplementary-material"} and [Table S1](#s1){ref-type="supplementary-material"}). Obviously, only FeCoNi(AlSi)~x~ with x ≤ 0.2 can be considered as SMMs, and the very different composition dependence of M~s~ and H~c~ ([Figure 1](#f1){ref-type="fig"}) in fact has its root in the atomic-level and micro-scale structures, as will be discussed later.

[Figure 2](#f2){ref-type="fig"} presents the electrical resistivity (ρ) as a function of Al and Si additions. The general trend is that the electrical resistivity increases from x = 0 to x = 0.8, with some deviation in the range of 0.3 ≤ x ≤ 0.5. The deviation of ρ from the general trend corroborates the unusual behavior of H~c~ in the same composition range, as illustrated in [Figure 1](#f1){ref-type="fig"}, suggesting possible common origins (will be discussed later). High electrical resistivity is an important requirement for SMMs used in the high-frequency magnetic field, as it reduces the eddy-current loss[@b25]. The typical electrical resistivity of the silicon steel is 50 -- 80 μΩ·cm[@b26]. Thus, x \> 0.1 is needed for FeCoNi(AlSi)~x~ to have similar values.

An important aspect in materials selection is mechanical properties. Although they may not be why the material works, they often profoundly influence how the material is fabricated and how it performs. For example, many SMMs are used in the form of thin plates with a thickness of less than 1 mm, and direct casting for such thickness is usually difficult. The preferred procedure is, therefore, to use cold rolling and annealing to process the bulk materials, in which the malleability of the material is a crucial factor - the higher the malleability, the lower the cost of time and energy to achieve the desired thickness. In [Figure 3](#f3){ref-type="fig"}, we compare the room-temperature compressive engineering stress-strain curves of the as-cast alloys. The extracted data for yield strength, ultimate tensile strength, and plastic strain limits can be found in [Table S2](#s1){ref-type="supplementary-material"}. As indicated by the stress-strain curves, when x varies in the range of 0 to 0.2, the alloys exhibit good plasticity and significant work hardening. The plastic deformation (ε~p~) exceeds 50% without fracture. The yield strength increases from 208 MPa at x = 0 to 342 MPa at x = 0.2. The A3 alloy exhibits a much higher yield strength (938 MPa) and the ultimate tensile strength (2,857 MPa), together with good plasticity of 33%. When x is further increased to ≥ 0.4, the ductility of the alloys diminishes, and the samples become brittle. The extreme case is the A8 alloy, which shatters immediately after elastic deformation, and its ultimate tensile strength is only 1,017 MPa. The A4 and A5 alloys exhibit little plastic deformation too, with plastic strain limits of 2.76% and 0.04%, respectively. However, their yield strength and maximum strength remain high. The composition dependence of the yield strength is also depicted in [Figure S2](#s1){ref-type="supplementary-material"}, together with the measured Vickers hardness.

For an in-depth study of these alloys, the information on the atomic-level structure, such as the lattice types and how different species are arranged, are obtained. [Figure 4](#f4){ref-type="fig"} shows the X-ray diffraction patterns of the FeCoNi(AlSi)~x~ alloys. The Bragg peaks indicate a single-phase FCC solid solution for x ≤ 0.2. As x approaches 0.3, signature peaks of a BCC structure can be clearly seen, suggesting a BCC + FCC mixture ([Figure 4](#f4){ref-type="fig"}). When x reaches 0.4, the structure turns almost entirely into BCC. Such a transition from the FCC to BCC solid solutions is not uncommon for HEAs, and it in fact has been observed in other HEAs[@b4][@b27][@b28]. The FCC-BCC transition with changing composition has been explained from several aspects, such as the valence electron concentration[@b29] and the lattice distortion and instability[@b30][@b31]. Our observation is in general consistent with previous arguments, see the discussion in the [supplementary information](#s1){ref-type="supplementary-material"} ([Tables S4](#s1){ref-type="supplementary-material"} and [S5](#s1){ref-type="supplementary-material"}, [Figures S3](#s1){ref-type="supplementary-material"} and [S4](#s1){ref-type="supplementary-material"}).

To further study the microstructures formed during the rapid solidification, [Figure 5](#f5){ref-type="fig"} presents the scanning-electron-microstropy (SEM)-backscattered electron images of the alloys. The metallographic pictures taken on a larger length scale can be found in [Figure S5](#s1){ref-type="supplementary-material"}. For the A0 alloy, the image in [Figure 5(a)](#f5){ref-type="fig"} indicates a uniform distribution of the elements. Its microstructure is typical of a polycrystalline structure, and the grain size, as measured in [Figure S5](#s1){ref-type="supplementary-material"}, varies from 200 μm to 700 μm. Typical cast dendritic and interdendritic structures (labeled by DR and ID, respectively) are observed in A1 to A3 alloys. With more Al and Si contents, the segregation becomes increasingly significant. As the Energy Dispersive X-ray Spectroscopy (EDS) results listed in [Table S6](#s1){ref-type="supplementary-material"} suggest that the ID area is rich in Ni, Si, and Al, while the DR area is rich in Fe and Co. A4 and A5 alloys have similar polycrystalline microstructures, and dendrites can be seen in each grain. The grain size of the A4 alloy (200 μm) is smaller than that in the A5 alloy (300 μm), according to [Figure S5](#s1){ref-type="supplementary-material"}. The microstructure of the A8 alloy is more complex, as the interdendritic area appears to have three parts \[labeled by ID(a), (b), and (c), in the inset of [Figure 5(g)](#f5){ref-type="fig"}\]. The white ID(a) area is rich in Ni and Si; the grey ID(b) is rich in Fe and Si; while the flower-like ID(c) is rich in Al and Si. To understand the formation of the above microstructures, it should be first noted that Fe, Co, and Ni are neighbors in the periodic table; their atomic sizes are similar, and their mixing enthalpy is close to zero ([Table S5](#s1){ref-type="supplementary-material"})[@b32]. When no other species are involved (i.e., A0 alloy), these three elements tend to distribute uniformly, with no obvious segregation detected. The additions of Al and Si break the chemical homogeneity, and the dendritic microsegregation becomes increasingly prominent as x varies from 0 to 0.2. The more Al and Si contents, the more severe the segregation is. There are two possible explanations for this trend. First, Fe and Co have higher melting points than other elements, so that they may solidify first during casting, with the other elements (Ni, Al, and Si) expelled into the ID area. Second, Ni and Si have relatively higher negative mixing enthalpy ([Table S5](#s1){ref-type="supplementary-material"}), and they tend to bond with each other. In contrast, the chemical heterogeneity in A4 and A5 alloys is less obvious. This trend seems to suggest that the the BCC phases are more tolerant to chemical randomness, compared to the FCC phases in A2 and A3 alloys. In general, the precipitation pathways in multicomponent alloys can be very complex[@b33], and it is a particularly challenging topic for HEAs, which remains to be studied.

Discussion
==========

Knowing the structures of the alloys, we are now in a position to discuss the relationship between structures and properties. First of all, the saturation magnetization is primarily determined by the composition and atomic-level structures, and less sensitive to microstructures, such as the grain size and morphology[@b21]. This trend is demonstrated by its near-monotonic dependence on composition ([Figure 1](#f1){ref-type="fig"}), and allows us to calculate the M~s~ using the first-principles method. Compared to the previously-studied Al~x~CrFeCoNi[@b34], the M~s~ of our HEAs is much higher ([Table S7](#s1){ref-type="supplementary-material"}). The calculated M~s~ is marked in [Figure 1](#f1){ref-type="fig"}, and the average local magnetic moments are listed in [Table S7](#s1){ref-type="supplementary-material"}. It is found that the composition dependence of the M~s~ in several HEAs is qualitatively reproduced by ab initio calculations, as described in Methods. Quantitatively, the calculated values are systematically higher; this trend is understandable, considering the many possible differences between experiments and simulations. For example, the system size is very limited in simulations, and it also ignores impurities and phase segregation. Nevertheless, our calculations confirm that FeCoNi(AlSi)~x~ is a much better candidate than Al~x~CrFeCoNi for soft-magnetic applications ([Table S7](#s1){ref-type="supplementary-material"}), and this trend is mainly because the magnetic moment of Cr is anti-parallel with Fe/Co/Ni (i.e., anti-parallel magnetic coupling), such that magnetization is cancelled out in Cr-containing HEAs ([Table S7](#s1){ref-type="supplementary-material"}). The non-magnetic components (Al and Si) are found to be nearly non-polarized (or slightly anti-parallel with Fe/Co/Ni). In addition, HEAs with an FCC structure exhibit much higher saturation magnetization than those with a BCC structure. This feature is due to not only their high contents of the ferromagnetic Fe/Co/Ni, but also the higher atomic packing density (or atomic volume fraction) of the FCC structure. The latter means that for the same composition and elemental magnetic moment, HEAs with an FCC structure should have more (ferromagnetic) atoms (and thus a higher total magnetic moment) per unit volume than those with a BCC structure, yielding higher M~s~. To summarize, the results of ab initio calculations suggest that to design magnetic HEAs with high M~s~, one should (1) stay away from Cr, (2) use more Fe and Co and less non-magnetic components, and (3) stabilize the FCC structure.

Different from the saturation magnetization, the coercivity is expected to be sensitive to the grain size, impurity, deformation, and the subsequent heat-treatment process[@b21]. Specifically, the various microstructures, together with the lattice distortion induced by Al and Si, will inevitably affect the magnetic domain-wall movement and, thus, the coercivity. This effect is the most obvious when x equals 0.3, at which BCC and FCC phases coexist ([Figure 4](#f4){ref-type="fig"}), and the phase boundaries may greatly hinder the domain-wall shift, resulting in the highest coercivity. In alloys of a single-phase structure, such as A4 and A5, the grain size may also matter. For example, the A5 alloy has larger grains than the A4 alloy, such that the domain-wall movement of the A5 alloy is likely to be easier than the A4 alloy, which explains the lower coecivity of the A5 alloy than the A4 alloy. Since H~c~ is so sensitive to the microstructure, it is likely that at a given composition (and thus M~s~), the coercivity can be tuned within a fairly-wide range by, for example, the quenching-rate control and heat/pressure treatment. This feature provides opportunities to further reduce the H~c~ of our alloys.

The additions of Al and Si are expected to elevate the electrical resistivity. As in silicon steels, the Si addition is known to increase the electrical resistivity. Besides, Al has a larger atomic size than other elements, and its addition may lead to larger lattice distortion. The distortion may induce more electron scattering and, thus, reduce the mean free path[@b25]. This may have contributed to the increased resistivity. Moreover, although HEAs are crystals with long-range order, they may have highly-compromised topological and chemical short-range order[@b34]. To some extent, HEAs can be considered metals with highly-concentrated point defects, resulting from multiple principal elements in a pseudo-unitary lattice cell, and electronic transportation in these alloys is dominated by the defects[@b34]. Therefore, the intrinsic structural disorder of HEAs may also contribute to their higher electrical resistivity than that of the corresponding traditional alloys ([Table S3](#s1){ref-type="supplementary-material"}). It should be noted that for multi-phase solid solutions, the electrical resistivity is also affected by microstructure, grain size, grain-boundary, and texture[@b25]. This feature may be responsible for the deviation/fluctuation in the composition range of 0.3 ≤ x ≤ 0.5 in [Figure 2](#f2){ref-type="fig"}.

The mechanical properties of HEAs, as in other materials, are closely related to their structures. The increasing strength from the A0 to A2 alloys is believed to stem from the solid-solution-strengthening effect, i.e., the additions of larger Al atoms and smaller Si atoms enhance the crystal lattice distortion, which hinders the movement of the dislocations. For the A3 alloy, which consists of a FCC and BCC structure, its high strength and good plasticity are not only attributed to the increasing lattice distortion[@b30], but also the fact that the alloy has a mixture of FCC and BCC phases -- the FCC structure is known to favor plasticity, and the BCC structure usually has larger lattice resistance for deformation. This trend can be qualitatively justified by considering the friction between sliding planes. The slip along the closest packing planes {110} in the BCC structure is more difficult than that along {111} in the FCC structure, because {110} planes have smaller interplanar spacing and higher lattice friction for dislocation motion[@b35]. This factor in part also contributes to the diminishing malleability of FeCoNi(AlSi)~x~ at x \> 4, when the structure turns almost entirely into a BCC structure. It should be noted that more Si addition also leads to brittleness in the silicon steel.

To summarize, we now have experimentally and theoretically connected the magnetic, electrical, and mechanical properties with the observed atomic-level and micro-scale structures, for the FeCoNi(AlSi)~x~ HEAs. In particular, we have shown that the alloy with x = 0.2 has the best combination of M~s~ (1.15 T), H~c~ (1,400 A/m), ρ (69.5 μΩ·cm), and ε~p~ (\> 50%) for applications as SMMs. A comparison with existing SMMs[@b36][@b37][@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45][@b46] in [Table S3](#s1){ref-type="supplementary-material"} further reveals that this high-entropy SMM, in terms of the overall properties, is unique and superb, even though by each particular merit, A2 may not be the best. For example, silicon steels and Fe-Co alloys have higher M~s~, and nanocrystalline Fe-B-Cu and amorphous Fe-Y-B have higher electrical resistivity. However, the electrical resistivity of Fe-Co alloys is relatively low, and nanocrystalline and amorphous alloys are very brittle. Therefore, when all factors are considered, the A2 alloy stands out and represents a great balance. Moreover, the high corrosion- and wear-resistance of HEAs[@b14][@b15] is expected to extend the life time of these high-entropy SMMs under various working conditions. The insight obtained from the present study of composition-dependent structures and properties can be used to guide the design and optimization of structural and functional HEAs, as well as the development of high-entropy SMMs.

Methods
=======

Ingots with nominal compositions of FeCoNi(AlSi)~x~ (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.8, in molar ratios, denoted as A0, A1, A2, A3, A4, A5, and A8, respectively) were prepared by arc-melting pure elements with purity higher than 99.5 weight percent (wt.%) in a high-purity argon atmosphere on a water-cooled Cu hearth. The alloys were remelted four times in order to improve homogeneity. Crystal structures were identified using an X-ray diffractometer under radiation conditions of 30 kV and 20 mA, with a Cu target and a scanning speed of 10°/min. Compressive tests of cylindrical samples with the dimension of Φ3 × 6 mm were investigated, using an MTS 809 materials testing machine at room temperature with a strain rate of 2 × 10^−4^ s^−1^. The hardness was measured employing a Vickers hardness tester under a load of 200 g, held for 15 s. The microstructures of cross-sections were examined by a ZEISS SUPRA 55 field emission scanning electron microscope (SEM) with the energy- dispersive spectrometry (EDS) and a ZEISS UMT200i metallographic microscope. The magnetization curves were obtained with the instrument of "Physical Property Measurement System" (PPMS) made by the "American Quantum Design Company". The electrical resistivity was measured using a Precise Resistance Tester AT510.

Spin-polarized ab initio calculations were performed using the Vienna Ab Initio Simulation Package (VASP)[@b47], with the Projector Augmented Wave (PAW) method[@b48]. The Generalized Gradient Approximation (GGA), as implemented by Perdue-Burke-Ernzerhof (PBE)[@b49], was employed for the exchange-correlation functional. The FCC or BCC lattice was constructed using the experimentally-measured lattice constants, and the cubic supercell (under periodic boundary conditions) contains 108 atoms (FCC) or 128 atoms (BCC). Simulations were conducted at Γ point (the zero point in the reciprocal space) only for structural relaxation, and on a 3 × 3 × 3 Monkhorst-Pack mesh for electronic-structure calculations. To obtain solid solutions, constituent elements in the nominal composition were randomly distributed on the as-constructed lattice. The configurations were then relaxed at 300 K to reproduce the lattice distortion, before the static calculation of the magnetic properties.
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